Abstract Natural habitats in human-altered landscapes are especially vulnerable to biological invasions, especially in their edges. We aim to understand the influence of landscape and local characteristics on biological invasions by exploring the level of plant invasion and alien species traits in forest edges in highly urbanized landscapes. We identified all plant species in 73 paired plots in the edge and 50 m towards the interior of the forest. We explored the association between alien species richness and similarity in species composition between edge and interior plots with landscape and local variables, using generalized linear models and variance partitioning techniques. Then, we performed Fourth-corner analyses to explore the association between alien plant traits and local and landscape variables. In contrast to native species richness, alien species richness was more affected by the surrounding landscape than by the local characteristics of the edge. Road proximity was positively associated with alien species richness and proportion and was its most important correlate, whereas disturbance was negatively associated with native species richness and was its most influential factor. Alien plant traits were also primarily associated with landscape characteristics. For instance, species of Mediterranean origin and introduced for agriculture were associated with higher agriculture use in the landscape. Our findings suggest that risk analyses of habitat vulnerability to invasion must consider the landscape context in order to successfully predict highly invaded areas and identify potentially successful invaders.
Introduction
Biological invasions and human-induced landscape changes are two major drivers of global change, affecting biodiversity both independently and synergistically (Didham et al. 2007 ). For example, humanderived land-uses can facilitate plant invasions in their surrounding natural habitats because they directly promote human frequentation and habitat disturbances that favour alien plant establishment (Hobbs and Huenneke 1992; Guirado et al. 2006) . Furthermore, these human-derived land-uses can also increase propagule pressure from the human-transformed land matrix to the remaining patches of natural habitat (Deutschewitz et al. 2003; Ohlemüller et al. 2006; Gassó et al. 2009 ). Peri-urban forest edges offer an excellent study system to explore the synergistic effect of human-driven landscape alteration and plant invasion given that the urban-forest edge is the invasion front for many alien species. Due to their specific environmental conditions, edges are usually highly invaded in comparison to the forest interior (Harper et al. 2005; Vilà and Ibáñez 2011) . The suitability of this habitat combined with high propagule pressure of specific alien plant species from urban areas (e.g. shade-tolerant species of gardening origin) might lead to further invasion of natural areas (Martin et al. 2009 ).
The adjacent landscape matrix might greatly influence the level of plant invasion in forest edges (Cadenasso and Pickett 2001; Harper et al. 2005; Ewers and Didham 2006; Vilà and Ibáñez 2011) . A higher number of alien species have been found in forest edges adjacent to urban areas compared to agriculture areas (Guirado et al. 2006) given that these areas may provide propagules from a larger number of ornamental species. Other landscape characteristics that might positively affect the level of invasion include, for example, the proximity of roads (e.g. Bradley and Mustard 2006; Ibáñez et al. 2009 ) and land-use diversity (e.g. Pino et al. 2005 ; Kumar et al. 2006) . Furthermore, landscape alteration may also affect differences in the level of invasion between the forest edge and the interior due to changes in species' percolation. Although this hypothesis is inherent to some neutral landscape approaches derived from percolation theory (With 2004) , it remains largely unexplored. Highly altered landscapes supporting high alien propagule pressure might increase the percolation of alien species and therefore reduce the similarity in species composition between edge and interior forest communities.
Despite the recent evidence for the relevance of landscape shaping plant invasions (Vilà and Ibáñez 2011) , the relative importance of landscape characteristics versus local characteristics in forest edges remains unclear (Bartuszevige et al. 2006) . Local characteristics operating at the edge, such as microclimate conditions (e.g. light conditions) and species interactions (e.g. seed dispersal), could affect alien species establishment and spread (Harper et al. 2005) .
The success of alien species in the process of invasion (i.e. invasiveness) has been related to particular biological and life-history species traits (Hayes and Barry 2007; Pyšek and Richardson 2007; Gassó et al. 2009) . However, few studies have linked these traits with environmental factors at the invaded sites (Thuiller et al. 2006; Jauni and Hyvönen 2012) , and to our knowledge, none have examined the relationship between specific alien plant traits and the local and landscape characteristics of forest edge habitats. Extrinsic traits such as the introduction pathway could determine the invasion success in forest edges. For example, Brothers and Spingarn (1992) observed that alien species introduced for agriculture were limited to the first few meters of the forest edge, whereas species used for gardening were mainly found in the forest interior probably due to a combination of dispersal and light limitations. Understanding these associations might be important to the improvement of invasion risk analyses customized for different habitats or landscape characteristics.
To provide insights on landscape and habitat management towards the prevention of plant invasions in forest edges, we compared plant invasion patterns between forest edges and forest interior in highly fragmented peri-urban forest areas. Specifically, we asked the following questions: (1) What are the main landscape and local factors explaining the level of plant invasion in forest edges? (2) Do landscape and local characteristics affect species similarity between the forest edge and the interior? (3) Are there differences in alien species traits between the forest edge and the interior? And finally, (4) are alien plant traits in forest edges related to landscape and local characteristics?
Methodology

Study site
The study area covers 35,000 ha in Vallès county (Catalonia, Northeast Spain), located 25 km north of Barcelona city (Fig. 1) . Elevation ranges from 130 to 815 m a.s.l. and mean annual precipitation ranges from 600 to 800 mm. During the last century, the landscape of this region has gone through a significant transformation, primarily due to agriculture abandonment and increasing urban sprawl related to the expansion of Barcelona's Metropolitan area (Olarieta et al. 2008 ). This land-use change has shaped a complex landscape mosaic with highly fragmented forests nested within a matrix of low-density urbanized and agricultural lands.
Plant species survey
We selected, by ortho-image interpretation of landscapes, 73 forest patches with contrasting human influence, ranging from agroforestry mosaics to urban surroundings (Fig. 1) . Forests corresponded to mixed stands of pine (Pinus halepensis Mill., P. pinea L., P. nigra Arn.), the evergreen Quercus ilex L. and the deciduous Q. cerrioides Willk. In the most invaded location of each patch edge we set up a 10 m radius plot and another plot 50 m towards the forest interior (Fig. 1) . Plant community effects are suggested to mostly disappear 50 m into the forest (Brothers and Spingarn 1992; Fraver 1994) , although other effects could persist up to 100-500 m (Harper et al. 2005; Guirado et al. 2006 ). This setup might bias the comparison of species richness between the forest edge and interior, however, it should not affect the species traits occurrence or the predictors explaining plant community structures which constitute part of our main objectives. For each plot, we identified and classified all plant species as native or alien according to Bolós et al. (1993) and we calculated native and alien species richness and alien species proportion. We also calculated Sørensen's species similarity index (S) for native and alien species between edge and interior plots (McCune and Grace 2002) (Eq. 1):
where A and B are the number of species in the edge and interior plots, respectively, and C is the number of species shared by the two plots. The Jaccard's similarity index was also calculated and used in the analyses, but as it yielded similar results to Sørensen's index, we do not present the results for simplicity. A set of plant species traits and factors related to the introduction history (traits hereafter) known to be related to invasion success in Mediterranean regions were registered for each alien species (Lloret et al. 2005; Gassó et al. 2009 ): dispersal syndrome (zoochorous/non-zoochorous), vegetative reproduction (yes/no), life-form classification (trees-buds 25 cm above soil level, shrubs-buds no more than 25 cm above soil level, geophytes-buds below ground, annual plants and vines), introduction pathway (gardening/agriculture/forestry/weed) and biogeographical region of origin. We obtained all the above information (Online resource 1- Table S1 ) from Castroviejo et al. (1986) , Bolós et al. (1993) and Sanz-Elorza et al. (2004) .
Landscape and local variables
We characterized each plot with nine landscape and local variables commonly used to explain plant invasion patterns (Deutschewitz et al. 2003; Pino et al. 2005; McDonald and Urban 2006) . The landscape characteristics were relative percentage of forest, urban and agriculture use, Shannon's diversity index of land uses and minimum distance to main roads and motorways (i.e. opposite to road proximity). We calculated all landscape variables within 250, 500, 1,000 and 2,000 m buffer areas from the edge plot using ArcGIS 10 (ESRI 2011). These distances are within the range (250-1,500 m) used in studies on alien plants (Sullivan et al. 2005; Bartuszevige et al. 2006; Kumar et al. 2006) . The percentage of land use and the diversity index were based on the 3rd version of the Land Cover Map of Catalonia (www.creaf.uab.cat/mcsc), obtained by digitizing 2005 colour ortho-images. We obtained road proximity using the 1:50,000 topographic map of Catalonia (ICC 2004) . The selected local variables were aspect, disturbance level, forest type (mixed/deciduous, oak/evergreen, oak/pine) and edge type (closed/open). We obtained aspect for each pair of plots. To facilitate interpretation, we transformed aspect into a NE-SW axis (Beers et al. 1966 ) with values of 0 at the NE aspect where radiation and evapotranspiration are expected to be lower and values of 2 at the SW orientation. Slope and aspect could interact to change radiation levels in forest edges. As slopes never exceeded 12°, we regarded aspect as a sufficient indicator of light penetration. We visually quantified disturbance level for each plot using a categorical range of 6 levels: undisturbed, very low (e.g. animal trampling), low (e.g. sporadic debris), medium (e.g. moderate human trampling and debris), high (e.g. high human trampling and accumulation of debris) and very high (e.g. dumping, logging and high soil disturbance). We also visually classified the edge type as open or closed depending on understory height and density.
Statistical analysis
Invasion patterns in edge and interior plots and their relation to landscape and local characteristics
We explored the association of alien and native species richness, proportion of alien species and Sørensen's similarity index with landscape and local variables by multimodel inference (Burnham and Anderson 2002) and variance partitioning techniques (Mood 1969 ) based on generalized linear models (GLM). For both analyses, we built independent GLMs for edge and interior plot data subsets with the exception of the models for the similarity indices which combine information from both plot types. We modelled the error terms of species richness variables using a Poisson distribution, which is typically used for count data (Gelman and Hill 2007) . For similarity indices and alien species proportion we used normal and binomial distributions, respectively. None of the GLMs exhibited spatial autocorrelation in the residuals according to Moran's index (I \ 0.4).
Prior to modelling we identified the most influential buffer distance for each variable according to Pearson's correlation coefficients (Online resource 1- Table  S2 ). We selected 1,000 m as the best compromise for all variables across buffer distances. We then checked the independent variables for collinearity using pairwise correlation tests, excluding correlation values higher than 0.6 (Online resource 1- Table S3 ).
Variance partitioning techniques indicate the variability explained by the single and shared groups of variables (Mood 1969) . Assuming that deviance is a good measure of the variability explained by a model, we set up a GLM for each dependent variable incorporating only landscape variables, only local variables and both of types of variables together. The deviance explained by each model was then used to identify the pure and mixed effects by simple equation systems (Carrete et al. 2007 ).
Multimodel inference is a model selection method that allowed us to identify the best possible models and rank all independent variables according to their influence on each dependent variable. We performed multimodel inference based on all-subsets selection of GLMs using Akaike's Information Criterion corrected for small samples or large number of predictors (AICc; Burnham and Anderson 2002) . For each combination of predictors we calculated the Akaike weight of evidence (w i ). Considering the best models given the selected predictors (delta\2: all models within 2 AICc units from the best model), the weight of evidence (w i ) of each predictor can be estimated as the sum of the model AICc weights across all models in which the selected predictor appeared (Burnham and Anderson 2002) . The predictor with the highest w i (i.e. the closest to one) gets the highest weight of evidence to explain the response variable with the given data compared to the rest (i.e. the highest relative importance).
We also used multimodel inference to estimate regression coefficients and their unconditional confidence intervals (with the adjusted standard error) within the best models subset (delta\2; Burnham and Anderson 2002) . We calculated the coefficient for a given predictor as the sum of the predictor's coefficient multiplied by the weight of evidence, across all possible models where the predictor is present (Burnham and Anderson 2002) .
Alien plant traits and their relation to landscape and local characteristics
We explored the differences in alien trait proportions (i.e. % of species with zoochorous dispersal, vegetative reproduction, and gardening/agriculture pathway of introduction) between invaded edge and interior plots by paired Wilcoxon's signed-rank tests, after verifying the absence of normality (n = 48). Then, we used the Fourth-corner method (Legendre et al. 1997; Dray and Legendre 2008) to explore the association of landscape and local variables with alien plant traits at edge plots. This type of multivariate analysis allows the quantification of the relation between two matrices, R-landscape and local characteristics at each edge plot and Q-alien species traits, through a third matrix, L, which stores the distribution of species among edge plots. We used the permutation model q1/I, where cell values were permuted within the columns (species) of the L-matrix (Legendre et al. 1997; Aubin et al. 2009 ). This model tests the null hypothesis that species traits are randomly distributed with respect to characteristics of the sites. The alternative hypothesis states that individuals with specific traits are distributed according to their environmental preferences. Specifically, we expected an association of annual species with disturbed sites and close to roads (Lake and Leishman 2004; Jauni and Hyvönen 2012) , as well as a significant relationship between the relative proportion of land uses and the pathway of introduction. The later association might reflect the effect of landscape type on propagule diversity arriving to the edge. We corrected probabilities of all statistics with the Holm's procedure after 9999 permutations. We performed all statistical analyses with the R software (R Development Core Team 2011) using the ADE4 package for the Fourth-corner method (Dray and Dufour 2007) , the package MuMIn for some procedures of the multimodel inference method and the package VEGAN as the base code for deviance partitioning.
Results
Invasion patterns in edge and interior plots and their relation to landscape and local characteristics
The total pool of native and alien species found in the plots was 150 and 48, respectively. The mean (±SE) proportion of alien species was 16 % (±1.10) and the mean (±SE) species richness per plot was 16.04 (±0.42) for native species and 2.48 (±0.16) for alien species.
Alien species identity varied between edge and interior plots: 25 alien species were found only in the edge plots while four species were found only in the interior plots (Online Resource 1- Table S1 ). The most abundant alien species in edge plots were Celtis australis L. (46 % of plots), Lonicera japonica Thunb. (34 %) and Ligustrum japonicum Thunb. (31 %), while in interior plots Celtis australis (39 %), Ligustrum japonicum (24 %), Prunus domestica L. (11 %) and Solanum chenopodioides Lam. (11 %) were the most abundant alien species.
The GLMs for species richness and proportion of alien species explained a small proportion of the variance (Table 1 ). The major correlates (i.e. higher weight of evidence) for alien species richness were edge type and road proximity (Table 1) . Specifically, Landscape context modulates alien plant invasion 551
we found both higher alien species richness and proportion in closed edges at high road proximity (i.e. low minimum distance to main roads). Major correlates for native species richness were disturbance and edge type (Table 1) . In contrast to alien species richness, higher native species richness was found in the least disturbed open edges. The variables best explaining alien species richness were similar for edge and interior plots. Species similarity between edge and interior plots was lower for alien (S = 0.24 ± 0.03) than for native species (S = 0.59 ± 0.01; W = 862.50, P \ 0.0001), although this could be an artefact of Sørensen's index as it yields lower similarity values when species richness is low. Nevertheless, this bias should not affect the relationship to landscape and local variables. Similarity in alien species was mainly related to higher road proximity, whereas similarity in native species was associated with closed edges (Table 1) .
Although the deviance partitioning analysis also showed a low explanatory strength of the selected variables, it yielded a clear pattern: the pure effects of the landscape predictors on alien species richness were higher than the effects of the local predictors. The opposite was observed for native species richness (Table 1 ). The mixed effects of the landscape and local groups of predictors were very small.
Alien plant traits in forest edges and their relation to landscape and local characteristics
Most alien species occurring in the edge plots were trees (50 % of species found), with zoochorous dispersal (60 %), native to East Asia (18 %) and introduced for gardening (66 %). Furthermore, half of the alien species had vegetative reproduction. Alien species found in the interior plots showed a similar spectrum of traits to those occurring in the edge plots: 61 % of species were trees, 82 % zoochorous, 36 % came from East Asia and 68 % were introduced through gardening. Comparing invaded paired plots, the proportion of zoochorous species was significantly higher in the interior plots (0.92 ± 0.03) than in the edge (0.82 ± 0.03; W = 68, P \ 0.01). The same pattern occurred for species coming via agricultural introduction (Interior: 0.48 ± 0.05; Edge: 0.21 ± 0.03, W = 179, P \ 0.0001). However, the proportion of species was higher in the edge plots than those in the interior for species with vegetative reproduction (Interior: 0.10 ± 0.03; Edge: 0.32 ± 0.04, W = 497.50, P \ 0.0001) and introduced for gardening (Interior: 0.48 ± 0.06; Edge: 0.65 ± 0.04, W = 727.50, P \ 0.01).
Fourth-corner analyses revealed a clear association between species traits and both landscape and local variables ( Table 2 , Online Resource 1- Table S4 ). All variables except forest type and urban use were correlated with at least one alien species trait (Table 2) . Life form was related to disturbance, percentage of agriculture use and land use diversity ( Table 2 ). For instance, geophytes were present in more disturbed sites while vines were concentrated in the least disturbed areas (Table 2 ). Introduction pathway was only related to landscape variables (Table 2) . For example, species of Mediterranean origin introduced through agriculture were positively associated with a high percentage of agriculture in the surrounding landscape matrix. In contrast, the presence of gardening species was positively associated with the percentage of forest use and negatively associated with road proximity (i.e. positive association with minimum distance to main roads; Table 2 ).
Discussion
Landscape characteristics are highly associated with plant invasions in forest edges
In contrast to native species richness, alien species richness demonstrated a stronger association with landscape characteristics than with local properties. The main landscape correlate related to the level of invasion (i.e. alien species richness and proportion) was road proximity. This association has also been found at different spatial scales of resolution from landscape to regional studies (Pino et al. 2005; Bradley and Mustard 2006; Ibáñez et al. 2009; Souza et al. 2011 ). High road density or proximity to roads might facilitate seed dispersal by humans or vehicles and therefore increase alien species spread (Bradley and Mustard 2006) .
The local characteristic with the largest association with invasion was edge type. Alien species richness and proportion of alien species were larger in closed edges. This association could be explained by two non-exclusive effects. First, the closed structure in forest edges could be the result of the rapid growth of Table 1 Influence of landscape and local variables on alien/native species richness and the similarity of alien/native species composition in forest edge and interior plots established alien species that build a wall of vegetation (Brothers and Spingarn 1992) . Second, closed edges offer lower radiation but higher water availability and thus provide less stressful conditions than open forest edges (Didham and Lawton 1999) , thereby facilitating the establishment of shade-tolerant species commonly introduced via gardening which are expanding in very diverse forests (Martin et al. 2009 ). Similarity of alien species composition between the forest edge and the interior also showed a stronger association with characteristics of the landscape than with local properties. Similarity of alien species was also associated with a landscape predictor, namely road proximity. Nearby roads may provide more opportunities for edge disturbance and propagule pressure from edges to the interior. On the other hand, similarity of native species was higher in closed forest edges. Closed edges promote low contrasting local conditions between the edge and the interior (e.g. comparable water and light conditions) that facilitates the establishment of similar native plant communities (Didham and Lawton 1999; Harper et al. 2005) . These findings suggest that in contrast to native species, the establishment of alien plants in the forest interior is not highly limited by the local conditions. In fact, the forest interior may be invaded at high levels of propagule pressure demonstrating that forest edges are not a barrier to invasion (Guirado et al. 2006 ).
The association between alien plant traits and landscape Many studies have pointed out that alien species traits related to successful invasion are habitat dependent (Kolar and Lodge 2001; Lake and Leishman 2004; Lloret et al. 2005; Jauni and Hyvönen 2012) . We found that some alien species traits were related to specific local variables such as disturbance, edge type and aspect. Nevertheless, our findings are not entirely consistent with previous studies, indicating that the association between species traits and habitat might be relatively idiosyncratic. For instance, alien species in disturbed plots tended to be geophytes, which is contrary to previous suggestions that annual plants should be more abundant (Lake and Leishman 2004; Jauni and Hyvönen 2012) . However, this observation is consistent with the fact that herbaceous perennial plants with underground structures are good invaders because these structures are often associated with effective clonal growth mediated by disturbance (Gassó et al. 2009 ). Nevertheless, we observed differences in species traits between alien species occurring in edge and interior forest habitats. Agriculture and zoochorous species were found more frequently in the interior, while species with vegetative reproduction or with a gardening pathway of introduction were in the edge. This finding partially agrees with previous studies which suggest zoochorous and gardening species are concentrated in the forest interior (Brothers and Spingarn 1992; Cadenasso and Pickett 2001) . The authors of the above mentioned investigations based their conclusions on observations of species occurrence or dispersal distances, although they did not statistically compare proportions or cumulative abundances between edge and interior. In fact, it seems difficult to find general patterns of alien traits dominance between the forest edge and interior. First, the predominance of alien species traits in the forest edge or interior may depend on the gardening and agriculture practices of the area. In our study area most agricultural alien species are fruit trees so it is possible that individuals found in the forest interior were legacies from former agriculture land. Second, alien species are rarely in equilibrium with their environment and as we observed, their spread depends heavily on constant propagule pressure from the nearby landscape. Thus, it is also possible that gardening species are still in the process of expansion and that they have not yet reached their potential penetration into the forest interior (Martin et al. 2009 ).
The Fourth-corner analysis also suggested that most predominant alien species traits, and probably the most successful ones in our study area, are linked to the landscape characteristics surrounding forest edges. Plots with higher agricultural area in the surrounding landscape primarily had annual species introduced for agriculture, of Mediterranean origin and without vegetative reproduction. These traits are commonly shared by crop species. Surprisingly, gardening origin was significantly associated with forest use but not with urban use. As transects were placed on urban-forest edges, it is possible that this setup represented a limited gradient of the percentage of urban land-use in the landscape. On the other hand, as gardening species could successfully establish themselves in the forest edge, forest habitats could be also a source of propagules for these species.
Currently, most risk analyses to identify invasive plants focus on species traits (Kolar and Lodge 2001; Lloret et al. 2005; Hayes and Barry 2007) and the degree of climate match between the native and recipient area (Scott and Panetta 1993; Thuiller et al. 2005) . Our results indicate that risk analyses must also explore the characteristics of the landscape of the recipient area because it highly defines the most likely origin of potential invasive species.
Conclusions
Invasion in forest edges could be seen as a spatial hierarchical process where landscape characteristics control main differences in the level of invasion, which is also influenced by local site-specific conditions such as the edge structure (McDonald and Urban 2006; Milbau et al. 2008 ). Overall we found alien species richness, proportion of alien species and composition differences between the forest edge and interior to be highly dependent on the landscape surrounding the edge. This finding suggests that invasion at these sites is a dynamic process primarily related to the propagule pressure from the surrounding landscape. High humanalteration of the landscape contributes to further expansion of alien plant species from forest edges into the interior. The global trend towards forest fragmentation, which increases the length of the interfaces between urban and forest areas, will exacerbate plant invasions by gardening species (Martin et al. 2009 ). Thus, management of plant invasion must also consider the landscape adjacent to natural areas in order to reduce the propagule pressure from humanderived land-uses. Possible landscape management measures could include changes in gardening practices or constant monitoring of plant invasion in urbanforest interfaces.
The analysis of plant traits related to invasiveness has been one of the main focuses in invasion biology (Hayes and Barry 2007; Pyšek and Richardson 2007) and the basis for invasion risk analysis. However, identifying general patterns is complicated as many plant traits associated with invasion are dependent on the habitat type and the stage of invasion (Kolar and Lodge 2001; Lloret et al. 2005; Gassó et al. 2009; Jauni and Hyvönen 2012) . Our results indicate that these risk analyses should also include characteristics of the landscape matrix of the recipient region because successful or more abundant alien plant traits are likely to be different depending on the surrounding landscape (Vilà and Ibáñez 2011) .
